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Abstract
We examine the possibility that direct dark matter detection experiments find decay products
from sterile neutrino dark mater in U(1)B−L and U(1)R models. This is possible if the sterile
neutrino interacts with a light gauge boson and decays into a neutrino and the light gauge boson
with a certain lifetime. This decay produces energetic neutrinos scattering off nuclei with a large
enough recoil energy in direct dark matter detection experiments. We stress that direct dark matter
detection experiments can explore not only WIMP but also sterile neutrino dark matter.
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I. INTRODUCTION
Direct detection of dark matter (DM) aims to prove the existence of DM by discovery
and reveal identity by examining the property through their scattering off a target in un-
derground detectors. Over the past years, the LHC and many direct detection experiments
have reported null results for a substantial portion of the expected parameter space for
Weakly Interacting Massive Particle (WIMP) DM [1, 2]. Thus, an interesting alternative to
the WIMP hypothesis have been received a lot of attention recently.
Not only the existence of non-baryonic DM but also non-vanishing neutrino masses are
regarded as the most clear evidences for new physics beyond the standard model (SM). One
of the simplest explanations of tiny neutrino masses is so called seesaw mechanism with gauge
singlet right-handed (RH) neutrinos [3–6]. Two neutrino mass differences measured in solar
and atmospheric neutrino oscillations can be explained with two RH neutrinos. Nevertheless,
as other SM fermions, three generations of RH neutrinos has been often assumed, because
this assumption looks natural. Then, one RH neutrino could be DM candidate if its lifetime
is long enough, because it is electrically neutral [7]. Thus, three RH neutrino extension of
the SM is simple and economical from the viewpoint of the simultaneous explanation of tiny
neutrino mass and DM. This kind of model is called the νMSM [8, 9].
Three generations can be theoretically verified in a simple extension of the SM model,
once the SM is extended by introducing an extra U(1) gauge symmetry and RH neutrinos
are charged under this symmetry. Typical examples are U(1)B−L [10–12] and U(1)R [13].
In such a model, the presence of the three RH neutrinos is theoretically required for the
cancellation of the gauge and mixed gauge-gravitational anomalies [14, 15].
An extra U(1) interaction is also beneficial to consistent realization of sterile neutrino
DM. On the one hand, for gauge singlet RH neutrinos, sterile neutrinos as dark matter are
generated in the early Universe by so-called Dodelson-Widrow (DW) mechanism through
the mixing between active and sterile neutrinos [16, 17]. However, the stringent bound
from x-ray background excludes a large enough mixing for the DW mechanism [18, 19]. On
the other hand, if RH neutrinos interact through an extra U(1) gauge interaction, sterile
neutrino DM can be generated nonthermally. One kind of nonthermal productions, called
“freeze-in mechanism”, of sterile neutrino DM was first considered for the heavy extra gauge
boson under cosmology with a low reheating temperature in Ref. [20] and later considered
for the light extra gauge boson in Ref. [21, 22].
Sterile neutrino DM has been probed by astrophysical observations such as X-ray back-
ground as mentioned above. The X-ray signal from the sterile neutrino decay into a lighter
neutrino and a photon is an unique process to explore sterile neutrino DM. An extra U(1)
interacting sterile neutrino may decay into a lighter neutrino and the extra gauge boson.
This decay mode opens a new channel to probe sterile neutrino DM. We point out that
detection of light neutrinos as the decay product is possible by ongoing and future experi-
ments of direct dark matter detection [23–25]. While such experiments are primarily aimed
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Q uR dR L eR νR H S
SU(3) 3 3 3 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 2 1
U(1)Y
1
6
2
3 −13 −12 −1 0 12 0
U(1)B−L 13
1
3
1
3 −1 −1 −1 0 +2
U(1)R 0
1
2 −12 0 −12 12 12 −1
TABLE I: Matter contents and charge assignment of the fields.
to detect WIMP DM, we show that those are also capable to detect a signal from sterile
neutrino decay.
II. MODEL
We consider the extension of the SM by imposing U(1)B−L or U(1)R gauge symmetry,
where B,L are the baryon and lepton number, and R represents right-handed chirality,
respectively. As we mentioned in the introduction, the fermion sector of the SM is extended
with three RH neutrinos νR. The scalar sector is also extended by introducing at least, one
complex scalar S, which is charged under the extra U(1) symmetry. The charge assignment
of the particles are given in Table I.
The kinetic terms of the model with the U(1)X symmetry (X = B − L, R) are given by
Lkin. = if /Df + |DµH|2 + |DµS|2 − 1
4
W˜µνW˜
µν − 1
4
B˜µνB˜
µν − 1
4
X˜µνX˜
µν , (1)
with the covariant derivative Dµ = ∂µ − ig2W˜µ − iYfg1B˜ − ixfgXX˜µ. Here, W˜ , B˜ and X˜
represent the gauge fields in the interaction basis and g2, g1 and gX are the gauge coupling
constants of SU(2)L, U(1)Y and U(1)X , respectively. The fermion f denotes Q, uR, dR
and L, eR, νR with Yf and xf being the U(1)Y and U(1)X charges, respectively. We omit
any symbol about the SU(3) color interaction. The gauge kinetic mixing term for two U(1)
gauge fields is allowed by the symmetry, however we drop this term in our analysis for
simplicity. The results are unchanged as long as the mixing parameter is smaller than gX .
The Yukawa interactions are given as
Lyukawa = YuQH˜uR + YdQHdR + YeLHeR
+ YνLH˜νR + YRνcRSνR + h.c., (2)
where the Dirac Yukawa matrices are denoted as Yu, Yd and Ye, Yν for up, down quarks and
charged leptons, neutrinos, respectively. The Yukawa matrix for νR is denoted as YR. Here
H˜ represents iσ2H
∗ where σ2 is the Pauli matrix. Note that flavour and generation indices
are omitted for simplicity.
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After the scalar fields develop the vacuum expectation value (vev) 〈H〉T = (0, v)/√2
and 〈S〉 = vs/
√
2, with v ' 246 GeV, the fermions and gauge bosons acquire the masses.
Neutrinos obtain the Majorana and Dirac mass terms, and then the masses and mixing
angles of three active neutrinos can be reproduced by the type-I seesaw mechanism with
two RH neutrinos. We identify the remaining RH neutrino, suppose νR1 , as the sterile
neutrinos DM νs with tiny active-sterile mixing, θ,
νs = νR1 + sin θU1αν
c
Lα, (3)
where U is the MNS matrix. The superscript c stands for charge conjugation, and the index
α runs over e, µ, τ .
Then, the interaction Lagrangian of the X boson and fermions in mass eigenstates takes
the form of
Lint. = iefγµ(Vf + Af γ5)fXµ, (4)
where Vf and 
A
f are the vector and axial vector coupling defined by
Vf =
1
2
(xfR + xfL)X cosχ−
(
1
2
Tf −Qf sin2 θW
)
NC, (5)
Af =
1
2
(xfR − xfL)X cosχ+
1
2
TfNC. (6)
Here e is the elementary charge and X is defined as gX/e. The weak isospin and electric
charge are denoted as Tf and Qf , respectively, and θW is the Weinberg angle. The mixing
angle χ relates the interaction-eigenstates (Z˜, X˜) with the mass-eigenstates (Z, X) as(
Z˜
X˜
)
=
(
cosχ − sinχ
sinχ cosχ
)(
Z
X
)
, (7)
where Z˜ is the Z boson in the SM. The neutral current contribution NC is given
NC =
sinχ
sin θW cos θW
. (8)
Here, we note one important difference between U(1)R model and U(1)B−L model with the
minimal Higgs sector. That is, at tree-level, the Z boson and the X boson do not mix
without the presence of gauge kinetic mixing in the minimal U(1)B−L model, while in the
minimal U(1)R model the Z boson and the X boson mix even for vanishing gauge kinetic
mixing, because the SU(2) doublet Higgs field has to be charged under the U(1)R symmetry
and generates the mass mixing between the Z boson and the X boson [26]. In addition
to Eq. (4), the sterile neutrino DM has the interaction with X and the active neutrinos
νi (i = 1, 2, 3) given by
L = ie sin θU1αδαiνcsγµ(V + Aγ5)νiXµ + h.c., (9)
where V = VνL + 
V
νR
, A = AνL − AνR , respectively.
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III. STERILE NEUTRINO DARK MATTER
A. Cosmological abundance
Throughout this paper, we consider only the case of 2mνs > mX , where mX is the mass of
the X boson. For this mass spectrum, the resultant DM abundance generated by freeze-in
mechanism has interesting feature. That is independent from the sterile neutrino DM mass
and almost determined by the extra U(1) gauge coupling only [21].
Freeze-in production of sterile neutrino νs with the massmνs is governed by the Boltzmann
equation
dnνs
dt
+ 3Hnνs = Ccoll.(ff¯ → νsνs)
=
∑
f
〈σv(ff¯ → νsνs)〉nfnf¯ , (10)
where nνs is the number density of DM sterile neutrino νs, H is the Hubble parameter, 〈σv〉
is the thermal averaged product of the cross section and the relative velocity for production
processes and nf(f) is the thermal abundance of a SM fermion f(f) in initial states. The
present DM abundance is estimated by integrating Eq. (10) as
Ωνsh
2 = 2.82× 103mνsYνs
eV
, (11)
Yνs =
∫ TR
T0
Ccoll.
sHT
dT, (12)
where s is the entropy density, TR is the reheating temperature after inflation and T0 is a low
temperature. The remarkable feature of this is, as is well known, that the final abundance
is independent from TR and the mass mνs . By substituting
HMP =
√
pi2g∗
90
T 2, s =
2pi2
45
g∗T 3, 〈σv〉 ∼ g
4
X
T 2
, (13)
with g∗ being the relativistic degrees of freedoms, MP being the reduced Planck mass, and
gX is the gauge coupling constant, one easily finds that the production is efficient only at
T ' mνs and obtain Y ∝ 1/mνs . The resultant abundance is given by [21]
Ωνsh
2 ' 0.12
(
gX
4.5× 10−6
)4
. (14)
If gX is smaller, then νs becomes a sub-dominant component of the total DM.
B. Constraints
1. The X boson mass
One stringent constraint on a light gauge boson comes from the e − ν scattering exper-
iments such as GEMMA [27], BOREXINO [28] and TEXONO [29]. Various beam dump
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experiments such as CHARM [30, 31] and NOMAD [32] and electron colliders such as
KLEO [33] and BABAR [34] constrain wide range of the X boson mass for mX > 2me
where X decays into an electron and positron pair [35]. The X boson decaying into elec-
tron and positron are constrained by beam dump experiments. For gX = O(10−6), currently
1 MeV < mX . 100 MeV are excluded. mX < 1 MeV is not excluded by beam damp experi-
ments, however, mX . 0.3 MeV is excluded by the stellar cooling in globular clusters [36–38].
The unconstrained mass range of the X boson are
0.3 MeV . mX < 1 MeV, (15)
100 MeV . mX , (16)
for gX = O(10−6). For a smaller gX where sterile neutrinos become sub-dominant compo-
nents of DM, the lower bound from the beam dump experiments increases.
2. Lifetime and cosmic ray background bound
For sterile neutrino to be DM, its life time must be longer than the age of our Universe.
If kinematically allowed, the sterile neutrino decays into one neutrino and the X boson
through active-sterile mixing. The decay rate for this main mode of the sterile neutrino 1 is
given by
Γ(νs → Xν) = e
2(V )2 sin2 θ
2pi
mνs
(
1− m
2
X
m2νs
)(
m2νs
m2X
+ 1− 2m
2
X
m2νs
)
, (17)
which is much larger than the SM contribution [39]. For a very tiny mixing θ, the lifetime
can be long enough.
In fact, the constraints from X-ray background is more stringent for sterile neutrino DM
than that from the lifetime. The decay rate from the SM processes is given as [39]
Γ(νs → γν) = 9αemG
2
F
256pi4
m5νs sin
2 θ, (18)
while that from the X boson mediation vanishes due to the electromagnetic gauge symmetry.
If the X boson is heavier than 2me, νs decays into ν and X, followed by the decay of X boson
into e+e−, as νs → νX → νe−e+. Although interstellar sub-GeV electrons and positrons
can be hardly detected because of nearby magnetic field, Boudaud et al [40] pointed out that
Voyager I data [41] constrains annihilation or decay of a DM particle which injects energetic
electrons and positrons Ee± > 8 MeV. Thus, unless the lifetime, τνs = 1/Γ(νs → Xν),
is longer than 1027 second, we have the upper limit as mX . 16 MeV which is obviously
conflict with beam dump experiment bound (16). After all, we will consider the mass band
1 Its anti-sterile neutrino also has the same decay rate. The total is Γ(νs → Xν) + Γ(ν¯s → Xν¯).
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FIG. 1: The sterile DM lifetime and astrophysical constraints on the active-sterile mixing and the
sterile DM mass.
(15) only for our purpose and will take mX = 0.5 MeV. For information, here we note
vs ∼ mX/gX ∼ 102 GeV.
Figure 1 shows the left-right mixing as a function of mνs . The parameters are taken as
V = 4.5 × 10−6, mX = 0.5 MeV. The red, blue and green lines correspond to the lifetime
of the sterile neutrino DM, 1017, 1018 and 1019 sec., respectively. Color filled regions are
excluded by Fermi-Lat (red), EGRET (orange), COMPTEL (magenta), and INTEGRAL
MW (green) taken from [42].
C. Detection of neutrinos from sterile neutrino decay
The event rate of recoils in the direct dark matter detection experiments is expressed as
dR
dEr
= NT
∫ Emaxν
Eminν
dφ
dEν
dσ
dEr
dEν , (19)
where NT is the number of the total target particles such as nucleus or electrons, dσ/dEr is
the differential cross section with respect to the recoil energy, Emaxν is the maximal energy
in the neutrino flux, and Eminν is the minimal energy of neutrino to generate a given recoil
energy Er which is
Eminν =
√
mNEr
2
, (20)
for a scattering with a nucleus with the mass mN . The flux of light active neutrino has
two sources. One comes from by sterile neutrino decay dφνs/dEν and the others, we call
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the background, include solar, atmospheric and diffuse supernova neutrinos dφbkg/dEν . The
resultant flux is given by
dφ
dEν
=
dφbkg
dEν
+
dφνs
dEν
, (21)
dφνs
dEν
=
dN
dEν
J
4piτνsmνs
, (22)
J =
∫
l.o.s
dsρDMdΩ, (23)
where J is the so-called J factor for decaying DM with the integration along the line of sight
and over the solid angle. We consider the whole Milky Way galaxy halo and, in this paper,
quote the value J = 7× 1022 GeV/cm2 from Ref. [43]. For the decays of the sterile neutrino
DM and the X boson mentioned above, the energy spectrum in generated neutrino dN/dEν
depends on the mass spectrum. If the mass of νs and X are degenerated, one is given by
Eν = mνs−mX and the others is given by Eν ' mX/2. On the other hand, if the X boson is
much lighter than νs, one is given by Eν = mνs/2 and the others is given by Eν ∼ mνs/4. If
τνs is shorter than the age of Universe and the sterile neutrino is a sub-dominant component
with the fraction fνs = ρνs/ρDM, then 1/τνs in Eq. (22) should be reinterpreted as fνs/τνs .
The differential cross section for the scattering of neutrino and nuclei N with the mass
mN is given by [44](
dσ
dEr
)
(νN → νN) = G
2
F
8piE2ν
((A− Z)− (1− 4s2W )Z)2mN(2E2ν −mNEr)F 2(Er), (24)
with F 2(Er) being the nuclear form factor. Here, Z and A are the atomic number and the
mass number of nuclei, respectively. The X boson exchange process becomes significant in
dσ/dEr only if the gauge coupling is as large as O(10−4) [45]. For our interest, the X boson
exchange processes are negligible.
Now, we describe the prospect of the signals from the sterile neutrino decay in direct
DM detection experiments. The expected event rate with its spectrum in nucleus recoil
scattering off a Xenon nucleus is shown in Fig. 2. In this plot, the masses and coupling are
taken to be the same values in Fig. 1. We find for τνs . 1021 second, the predicted event
rate is larger than those by atmospheric neutrinos.
IV. CONCLUSION
We have investigated the possibility of indirect search of sterile neutrino DM in direct DM
search experiments at deep underground. An extra U(1) interacting sterile neutrino DM,
at the tree level, can decay into three lighter neutrinos via on-shell the extra gauge boson
decaying into two neutrinos. The produced neutrinos are energetic enough to be detected
at the direct DM detection experiments. If mνs is of the order of tens MeV, produced active
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FIG. 2: The nucleus recoil energy spectrum of solar and atmospheric neutrino as well as that of
neutrinos generated by sterile neutrino DM decay.
neutrinos scatter off nucleus. If the lifetime is shorter than about 1021 second, the expected
event rate is larger than those by atmospheric neutrinos.
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